Synapses and circuits rely on neuroplasticity to adjust output and meet physiological needs. 24
INTRODUCTION 36
Synaptic plasticity is a fundamental property of neurons that underlies the activities of 37 neuronal circuits and behaviors. Neurons have a remarkable capacity to adjust outputs in re-38 sponse to external cues. Depending upon context, those adjustments can be stabilizing or desta-39 bilizing to overall function. Hebbian forms of neuroplasticity are generally thought to promote de- The Drosophila melanogaster NMJ is an ideal model synapse for studying the basic ques-60 tion of how synapses work to counter destabilizing perturbations (Frank, 2014a) . At this NMJ, 61 reduced sensitivity to single vesicles of glutamate initiates a retrograde, muscle-to-nerve signaling 62 homeostatic candidate molecules was described previously (Brusich et al., 2015) . GAL4 drivers 116 simultaneously utilized for the "Pre-+ Post-Gal4" conditions were elaV(C155)-Gal4 (Lin and 117 Goodman, 1994), Sca-Gal4 (Budnik et al., 1996) , and BG57-Gal4 (Budnik et al., 1996) . 118
In addition to the UAS-IP3-sponge lines, several UAS-RNAi or genetic mutant lines were 119 obtained either from the BDSC or the Vienna Drosophila Resource Center (VDRC, Vienna, Aus-120 tria). Those specific mutations and lines are detailed in Supplementary Table 2 . Procedures for 121 how the UAS-RNAi lines were generated have been published (Dietzl et al., 2007; Ni et al., 2009) . 122 123
Electrophysiology and Pharmacology 124
Wandering third instar larvae were collected and filleted for NMJ analysis. Control and experi-125 mental samples were collected in parallel, using identical conditions. Activity in abdominal muscle 126 6 from segments 2 and 3 was recorded in a modified HL3 saline (70 mM NaCl, 5 mM KCl, 5 mM 127 HEPES, 10 mM NaHCO3, 115 mM sucrose, 0.5 mM CaCl2 (unless otherwise noted), 10 mM 128 MgCl2, 4.2 mM trehalose, pH 7.2) (see (Stewart et al., 1994) for original parameters). Sharp elec-129 trode recordings of miniature excitatory postsynaptic potentials (mEPSPs) and excitatory postsyn-130 aptic potentials (EPSPs) were conducted as previously described (Brusich et To render mEPSP and EPSP traces for figures, we pulled (x,y) coordinates from the 141 Clampfit program (Molecular Devices) and imported those coordinates into GraphPad Prism 142 (GraphPad) software. For all traces, we chose a recording that was at (or closest to) the calculated 143 average. For mEPSPs, we picked a representative selection of minis. For EPSPs, the final trace 144 that was rendered was an average of all the EPSP traces from that particular NMJ. 145 146
Immunostaining and Analyses 147
Immunostaining and image analyses of NMJ 6/7 in segments A2 and A3 were performed as pre-148 viously described (Spring et al., 2016; Yeates et al., 2017) . Briefly, filleted larvae were fixed in 149
Bouin's fixative for 4 min, washed, incubated in primary antibodies for 2 hours, washed, and in-150 cubated in secondary antibodies for an additional 2 hours. Bouton staining was performed to 151 assess NMJ growth by using the following primary antibodies: mouse anti-Synapsin (anti-Syn; 152 3C11) 1:50 (Developmental Studies Hybridoma Bank, Iowa City, IA) and rabbit anti-Dlg 1:15,000 153 (Budnik et al. 1996) . The following fluorophore conjugated secondary antibodies were also used 154 (Jackson ImmunoResearch Laboratories): goat anti-mouse 488 1:1000 (DyLight) and goat anti-155 rabbit 549 1:2000 (Dy-Light). Alexa-647 goat anti-HRP was utilized to stain neuronal membranes. 156
Larval preparations were mounted in Vectashield (Vector Laboratories) and imaged at room tem-157 perature using Zen software on a Zeiss 880 Laser Scanning Microscope with an EC Plan-Neofluar 158 40X Oil DIC Objective (aperture 1.30) or an EC Plan-Apochromat 63X Oil DIC Objective (aperture 159 1.40; Zeiss). Experimental and control larval preps were imaged using identical acquisition set-160 tings and analyzed blind to genotype using the same procedure and thresholds. Images were 161 prepared for publication in Adobe Photoshop using identical procedures for experimental and 162 control images. Anti-Dlg bouton counts were completed in a blinded fashion to quantify synapse 163 growth. For each anti-Dlg-positive bouton counted in muscle, it was verified that there was a 164 corresponding cluster of anti-Syn staining in neurons. 165
166

Statistical Analyses 167
For electrophysiological data, statistical significance was tested either by Student's T-Test if one 168 experimental data set was being directly compared to a control data set, or by one-way ANOVA 169 with a Bonferroni post-hoc test if multiple data sets were being compared. For bouton counting, 170 significance was tested utilizing a Kruskal-Wallis ANOVA test followed by Dunn's post-hoc test. 171
Specific p value ranges and tests are noted in the Figures and Figure Legends and Supplemen-172
tary Tables and shown in graphs as follows: * p < 0.05, ** p < 0.01, and *** p < 0.001. All statistical 173 analyses were conducted using GraphPad Prism Software. Most figure data are plotted as violin 174 plots from GraphPad Prism; the violin plot shapes signify data distribution, n values are below 175 those shapes, and horizontal lines signify the 0 th , 25 th , 50 th , 75 th , and 100 th percentiles of the data. Previously we demonstrated that loss-of-function of Plc21C, a Drosophila melanogaster 182
PLCb gene, could dampen or eliminate the long-term maintenance of presynaptic homeostatic 183 potentiation (PHP) (Brusich et al., 2015) . We repeated some of those experiments. We used a 184 fruit fly line containing both neuron-and muscle-GAL4 drivers as well as a UAS-GluRIII[RNAi] 185 transgenic construct to provide a chronic homeostatic challenge to reduce quantal size (Brusich 186 et al., 2015) . Pre-+ Post-Gal4 >> UAS-GluRIII[RNAi] NMJs have decreased quantal size 187 (mEPSP, Fig. 1A ) and an offsetting, homeostatic increase in quantal content (QC, Fig. 1C ). This 188 increase in release keeps excitatory postsynaptic potentials (EPSPs) at control levels ( Fig. 1B The GluRIII RNAi knock down manipulation in muscle is a days-long, chronic homeostatic 197 challenge to the maintenance of NMJ function (Brusich et al., 2015) . We tested if Plc21C gene 198 knock down blocks or impairs the acute induction of PHP. For acute induction, we applied 20 μM 199 of the glutamate receptor antagonist Philanthotoxin-433 (PhTox) to both wild-type and to Pre-+ 200
Post-Gal4 >> Plc21C[RNAi] knock down NMJs. PhTox application decreased quantal size for 201 both conditions ( Fig. 1E) (Frank et al., 2006) . For both conditions, evoked potentials remained 202 largely steady compared to non-PhTox controls (Figs. 1F, 1H) because there was a significant, 203 compensatory increase in quantal content ( Fig. 1G ). Thus, partial loss of Plc21C gene function is 204 not a sufficient condition to block the rapid induction of PHP. 205 206
The induction of PHP is possible, even when PHP maintenance is impaired 207
We used Plc21C loss and PhTox to test whether the capacity to maintain PHP for ex-208 tended developmental time is required for rapid PHP induction. The most common modes of as-209 sessing PHP at the Drosophila NMJ are a lifelong, genetic GluRIIA SP16 null mutation for PHP 210 maintenance (Petersen et al., 1997) and acute PhTox application for PHP induction (Frank et al., 211 2006) . For both cases, mEPSP amplitudes are decreased and QC is increased helping to main-212 tain evoked potentials at (or nearly at) normal levels. PhTox targets the function of GluRIIA-con-213 taining receptors; thus, adding PhTox to a GluRIIA SP16 null background does not further decrease 214 quantal size (Frank et al., 2006) . This fact presents a difficulty in using PhTox and GluRIIA SP16 215 together to test whether additional PHP can be acutely induced in a chronic glutamate receptor 216 loss genetic condition already sustaining PHP. We reasoned that by applying PhTox to UAS-217 GluRIII[RNAi] knock down synapses, we could circumvent this limitation. Partial loss of the es-218 sential subunit-encoding GluRIII gene leaves some GluRIIA-containing receptors intact (Brusich 219 et al., 2015) . In turn, those GluRIIA-containing receptors could be subject to the secondary PhTox 220
challenge. 221
We applied PhTox to UAS-GluRIII[RNAi] synapses, and we observed a further decrease 222 in quantal amplitude -significantly below mEPSP size recorded for UAS-GluRIII[RNAi] alone ( Fig.  223 1I). Evoked potentials were only slightly lower than the non-PhTox levels (slightly lower; Figs. 1J, 224 L) because there was a robust increase in QC ( Fig. 1K ). This result indicated that a rapid induction 225 of PHP was possible at a synapse already undergoing a sustained maintenance of PHP. 226
We next tested whether compromised ability to sustain PHP throughout life would also 227 preclude acute induction of PHP. PhTox applied to NMJs simultaneously expressing both UAS-228
GluRIII [RNAi] and Plc21C[RNAi] constructs induced a significant decrease in mEPSP amplitude 229 relative to non-PhTox-treated control synapses ( Fig. 1I ). Yet we also observed a significant in-230 crease in QC (i.e. PHP induction) ( Fig. 1K ), which kept evoked NMJ potentials similar to their non-231
PhTox levels (Figs. 1J, L). Collectively, these data suggest that acute PHP induction does not 232 require intact PHP maintenance and that PLCβ plays a maintenance role. 233
234
IP3 function is required for the maintenance of PHP but not its induction 235
We sought to identify potential PLCβ signaling effectors that could mediate the long-term 236 maintenance of PHP. We screened targets by electrophysiology. Based on canonical signaling 237 functions of PLCβ, we conducted a directed screen, targeting molecules such as PKC, CaMKII, 238
Unc-13, related signaling molecules, as well several potential G-protein-coupled receptors 239 (GPCRs). Additionally, we tested molecules implicated in intracellular calcium signaling, intracel-240 lular ion channel function, and synaptic ion channel function. 241
We used a screening paradigm designed to find factors needed for the maintenance of 242 PHP: combining pre-and postsynaptic GAL4 expression with UAS-GluRIII[RNAi] with a tested 243 genetic manipulation (Brusich et al., 2015) . We targeted factors for this screen using either UAS-244 gene misexpression or UAS-gene [RNAi] constructs. We also used loss-of-function mutations. For 245 an additional screening condition for some mutations we constructed double mutant lines with a 246
GluRIIA SP16 null deletion allele (Petersen et al., 1997) . For any test, we analyzed two conditions: 247 a baseline neurotransmission condition (e.g., GAL4 + genetic manipulation alone) and a homeo-248 statically challenged condition (e.g., GAL4 + genetic manipulation + UAS-GluRIII [RNAi] ). Any ho-249 meostatically challenged condition that failed to increase QC over its own baseline condition was 250 designated as a potential positive. 251
We examined 28 distinct genetic manipulations (comprising 23 distinct genes), including 252 controls ( Fig. 2A ; Supplementary Table S2 for summary screen data). We plotted the relative QC 253 values for the screen as "% baseline" ( Fig. 2A ), indicating how much of a QC change the UAS-254
GluRIII[RNAi] challenge yielded. We set a cutoff for a "screen positive" as a QC smaller than one 255 standard deviation below expected the expected QC given the UAS-GluRIII [RNAi] homeostatic 256 challenge ( Fig. 2A , red dashed line). 257
Two genetic manipulations showed no statistically significant QC increase upon homeo-258 static challenge ( Fig. 2A, red) . For both manipulations, the screened target molecule was inositol 259 1,4,5-triphosphate (IP3). IP3 is a second-messenger signaling molecule. We examined it because 260 We used the full block of sustained PHP by UAS-IP3-sponge expression to re-test the 267 relationship between the rapid induction of PHP and its long-term maintenance. First, we tested 268
if UAS-IP3-sponge expression alone could block the rapid induction of PHP. Following PhTox 269 treatment, synapses expressing UAS-IP3-sponge in pre-and postsynaptic tissues showed a sig-270 nificant decrease in mEPSP amplitude compared to non-PhTox controls (Fig. 2F) , and yet they 271 To check this possibility, we co-immunostained third instar larval Drosophila NMJs with anti-Syn-287 apsin (Syn, presynaptic vesicles), anti-Discs Large (Dlg, postsynaptic density), and anti-Horse-288 radish Peroxidase (HRP, presynaptic membrane) antibodies. This allowed us to examine synaptic 289 growth by counting NMJ boutons. We quantified bouton growth for synapse 6/7, muscle segments 290 A2 and A3. We examined control conditions and conditions with blocked PHP maintenance due 291
to UAS-IP3-sponge expression (Figs. 3A-E). We observed no significant differences versus con-292 trol in bouton number for any condition, for either segment A2 or A3 -including the genetic back-293 ground where we co-expressed UAS-IP3-sponge and UAS-GluRIII[RNAi] (Fig. 3F ). There were 294 also no significant differences versus control in bouton number normalized per unit muscle area 295 ( Fig. 3G ; Raw Data Workbook for raw bouton count and muscle size data). These data indicate 296 that when IP3 is sequestered, synapse undergrowth is not causal for a PHP block. 297 298
Pharmacology targeting IP3 receptors uncouples the induction and maintenance of PHP 299
We tested if the temporal requirements of PHP could be uncoupled by pharmacological 300 disruption of Drosophila IP3 receptor function (Itpr in Drosophila). IP3Rs are localized to the endo-301 plasmic reticulum (ER) and function to mediate calcium efflux from internal stores (Berridge, 1984 (Berridge, , 302 1987 . ER is known to localize throughout neurons in Drosophila, including synaptic terminals 303 There are caveats to its use; Xestospongin C may act indirectly by inhibiting SERCA, which could 311 lead to depletion of intracellular calcium stores (Castonguay and Robitaille, 2002) . Moreover, 312
Xestospongin C has been demonstrated to impair voltage-gated Ca 2+ and K + currents in guinea 313 pig smooth muscle (Ozaki et al., 2002) . In principle, these latter activities on intact fly NMJ tissue Supplementary Table S3 for summary Fig. 4 
data; Raw 331
Data Workbook for raw data). 332
Next, we tested if acute application of 20 µM Xestospongin C could block the rapid induc-333 tion of PHP. We applied 20 µM Xestospongin C to wild-type NMJs concurrently with 20 µM PhTox. for the maintenance PHP at NMJs, we reasoned that acute application of 2-APB (as with Xes-342 tospongin C) should also extinguish this form of neuroplasticity. 343
We applied both 1 μM and 10 μM 2-APB to GluRIIA SP16 null NMJs. Both drug concentra-344 tions resulted in a failure to increase QC compared to drug-treated wild-type controls; this resulted 345 in small evoked events for the drug-treated GluRIIA SP16 NMJs because PHP maintenance was 346 blocked (Figs. 5A-C, G) ( Supplementary Table S4 For larval NMJ electrophysiology, motor neurons are severed several minutes before re-410 cording (Jan and Jan, 1976) . Although standard practice, this procedure requires special attention 411 in our study because store-operated calcium release mediates a variety of cellular responses 412 after axotomy in rodent (Rigaud et al., 2009) and nematode models (Sun et al., 2014). For the 413 rapid induction of PHP at the NMJ, PhTox is typically applied to intact synapses, prior to motor 414 nerve severing and recording (Frank et al., 2006) . This allows for endogenous spontaneous ac-415 tivity to drive PhTox to bind to open channels prior to recording (Frank et al., 2006) . Nevertheless, 416 rapid induction of PHP still works effectively when the motor nerves are severed prior to PhTox 417 exposure (Frank et al., 2006) . 418
To test for a possible synergistic interaction between axotomy, IP3-directed signaling, and 419 ER function during the acute induction phase of PHP, we applied PhTox to NMJs with intact motor 420 nerves or with cut motor nerves (central nervous system (CNS) excised). We did this in a genetic 421 background while expressing UAS-IP3-sponge construct pre-and postsynaptically. For controls, 422
we treated the preparations identically and used GAL4 drivers alone for the genetic background. 423
We found that rapid PHP induction still worked in the UAS-IP3-sponge-expressing background, 424 regardless of whether the motor nerve was severed prior to PhTox application (Figs. 7E-G). The 425 evoked events were slightly diminished for the UAS-IP3-sponge expressing NMJs where the CNS 426 was cut out of the preparation prior to PhTox application (Figs. 7F, H). However, by quantal con-427 tent measures, the rapid induction of PHP was not blocked by this dual treatment ( Fig. 7G) . 428 429
Neuron and muscle IP3 signaling both contribute to long-term homeostatic potentiation 430
Insofar, none of the genetic or pharmacological manipulations impairing PHP maintenance 431 in this study have been tissue specific. In principle, all PHP-blocking manipulations described 432 could operate either in neuronal or muscle substrates -or upon both tissues. Our prior work 433 showed that chronic Plc21C gene knockdown in the muscle alone is not sufficient to impair PHP 434 (Brusich et al., 2015) . That result suggested a neuronal component to this signaling system for 435 PHP maintenance. Yet further tests are needed. We wished to understand whether a pre-or 436 postsynaptic mechanism (or a dual-tissue mechanism) governs IP3-mediated Ca 2+ store release 437 signaling in order to support long-term maintenance of PHP. 438
We turned again to the UAS-IP3-sponge transgene because it can be expressed in a tis-439 sue-specific manner, and it conveyed a full block of PHP when dually expressed in the neuron 440 and muscle (Fig. 2) . We expressed UAS-IP3-sponge in a GAL4 driver (neuron or muscle alone) 441 or a driver + GluRIIA SP16 null genetic background. We then quantified PHP by NMJ electrophysi- PHP (Brusich et al., 2015) . Combined with our prior data (Fig. 2) , we conclude that the mainte-450 nance of PHP can be fully erased by IP3 sequestration -but only if this is done in a dual tissue 451
manner. 452
Our data indicate that IP3 functions in a shared process with Ca 2+ store release. Presyn-453 aptic neurotransmitter release at the NMJ and other synapses is highly sensitive to changes in 454 intracellular Ca 2+ concentration after influx through voltage-gated CaV2 channels. Therefore, we 455 checked if IP3 signaling and its effects on intracellular Ca 2+ release might impinge upon the Ca 2+ 456 sensing machinery in the presynaptic cleft, which could potentially influence PHP. We conducted 457 NMJ recordings over a range of low extracellular [Ca 2+ ] and calculated the Ca 2+ cooperativity of 458 release for the dual-tissue expression UAS-IP3-sponge NMJs, as well as wild-type NMJs and 459 GAL4 driver control NMJs. The Ca 2+ cooperativity of release was steady between the three con-460 ditions (Fig. 8H, I) , indicating that sequestration of cellular IP3 at the NMJ does not directly alter 461 the Ca 2+ -dependence of synaptic release at the presynaptic NMJ. 462
DISCUSSION 463
In this study, we divided the acute induction and chronic maintenance stages of presyn-464 aptic homeostatic potentiation. Our data support two core findings. The first is that the short-term 465 induction and long-term maintenance of PHP are separable by genetic and pharmacological ma-466 nipulations. The second is that an IP3-mediated signaling system is specifically required for the 467 maintenance of PHP (Fig. 9) . Our data appear to contradict the idea of PHP pathway convergence (Goel et al., 2017) . 510
Yet our findings are not incompatible with this idea. Multiple lines of evidence indicate discrete 511 signaling requirements for acute forms of PHP on both sides of the synapse. A convergence point 512 is undefined. Accounting for the separation of acute and chronic forms of PHP -as well as their 513 discrete signaling requirements -long-term maintenance of PHP might integrate multiple signals 514 between the muscle and neuron over time. For future studies, it will be important to clearly define 515 roles of signaling systems underlying PHP and how distinct signaling systems might be linked. 516
Unexpected findings about PHP stage separation 517
Our work presents unexpected findings. The first is that even in the face of a chronic im-518 pairment or block of homeostatic potentiation, the NMJ is nevertheless capable of a full rapid 519 induction of PHP (Figs. 1, 2, 7) . Given that most molecules required for PHP identified to date are 520 needed for both phases, we did not expect significant functional separation between them. We 521 expected a priori that a failure of the chronic maintenance of PHP would make core machinery 522 unavailable for its acute induction. The second unexpected finding is how quickly the chronic 523 maintenance of PHP can be nullified by pharmacology (10 min), resulting in a return to baseline 524 neurotransmitter release probability after only minutes of drug exposure (Figs. 4-6). We showed 525 that homeostatic potentiation in GluRIIA mutant larvae or GluRIII knock-down larvae was abro-526 gated by four different reagents previously known to block IP3R (Figs. 4, 5) or RyR (Fig. 6 ). Those Our findings add a new dimension to those puzzles with the data that IP3 signaling is 553 continuously required to maintain PHP. If active zone remodeling truly is instructive for PHP 554 maintenance, then it will be interesting to test what roles IP3 signaling and intracellular calcium 555 release play in that process. Our screen did include a UAS-RNAi line against unc-13 and an 556 upstream GPCR-encoding gene methuselah ( Supplementary Table S2 ). Moreover, we previously 557 published a study of PHP using a UAS-cac[RNAi] line (Brusich et al., 2015) . Chronic PHP mainte-558 nance was intact for all of those manipulations. Those findings are not necessarily contradictory 559 to the recent work from other groups. For instance, knockdown of an active zone protein by RNAi 560
is not a null condition. As such, RNAi-mediated knockdown should leave residual wild-type protein 561 around. In theory, that residual protein could be scaled with homeostatic need. 562 563
PLCb-and IP3-directed Signaling is Required for PHP Maintenance 564
Our data strongly suggest that intracellular calcium channel activation and store release 565 fine tune neurotransmitter release that is implemented by PHP. The exact mechanism by which 566 IP3R and RyR function to maintain PHP at the NMJ is unclear. It appears to be a shared process 567 with IP3 ( Fig. 7 ). If these store-release channels are acting downstream of IP3 activity, then our 568 data suggest that this would be a coordinated activity involving both the muscle and the neuron 569 ( Figs. 8, 9 ) -with loss of IP3 signaling in the neuron being more detrimental to evoked release 570 ( Fig. 8G) . 571
It remains unclear what signals are acting upstream. PLCb is canonically activated by Gaq 572 signaling. From our prior work, we garnered evidence that a Drosophila Gq protein plays a role in 573 the long-term maintenance of HSP (Brusich et al., 2015) . Logically, there may exist a G-protein 574
Coupled Receptor (GPCR) that functions upstream of PLCb/IP3 signaling. Our screen did not 575 positively identify such a GPCR. We did examine several genes encoding GPCRs, including 576
TkR86C, mAChR-A, GABA-B-R1, PK2-R2, methuselah, AdoR, and mGluR (Supplementary Ta-577 ble S2). We also examined genes encoding Gb subunits or putative scaffolding molecules, in-578 cluding CG7611 (a WD40-repeat-encoding gene), Gβ13F, and Gβ76C, again with no positive 579 screen hits ( Supplementary Table S2 ). fusion apparatus, activity of presynaptic voltage gated calcium channels is modulated by intracel-590 lular calcium (Catterall, 2011; Lee et al., 2000) . Our own work at the NMJ has shown that impairing 591 factors needed for store-operated calcium release can mollify hyperexcitability phenotypes 592 caused by gain-of-function CaV2 amino-acid substitutions (Brusich et al., 2018) . 593
Within the presynaptic neuron, IP3R and RyR could activate any number of calcium-de-594 pendent molecules to propagate homeostatic signaling. We tested some candidates in our screen 595 ( Fig. 2, Supplementary Table S2 ), but none of those tests blocked PHP. One possibility is that 596 the reagents we utilized did not sufficiently diminish the function of target molecules enough to 597 impact PHP in this directed screen. Detection of downstream effectors specific to muscle or neu-598 ron might also be hampered by the fact that attenuation of IP3 signaling in a single tissue is insuf-599 ficient to abrogate PHP. Another possibility is that presynaptic store calcium efflux via IP3R and 600
RyR may directly potentiate neurotransmitter release, either by potentiating basal calcium levels 601 or synchronously with CaV2-type voltage gated calcium channels (Frank et al., 2006 ; Müller and 602 Davis, 2012) . 603
Both pre-and postsynaptic voltage-gated calcium channels are critical for the expression 604 of several forms of homeostatic synaptic plasticity (Frank, 2014b) . Much evidence supports the 605 hypothesis that store-operated channels and voltage gated calcium channels interact to facilitate We thank members of the Frank lab for helpful comments on earlier versions of this study, and 618 the laboratories of Drs. Tina Tootle, Fang Lin, Toshihiro Kitamoto, Pamela Geyer, and Lori 619
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